Exercise stress testing of the pulmonary circulation for the diagnosis of latent or early-stage pulmonary hypertension (PH) is gaining acceptance. There is emerging consensus to define exercise-induced PH by a mean pulmonary artery pressure > 30 mm Hg at a cardiac output < 10 L/min and a total pulmonary vascular resistance> 3 Wood units at maximum exercise, in the absence of PH at rest. Exercise-induced PH has been reported in association with a bone morphogenetic receptor-2 gene mutation, in systemic sclerosis, in left heart conditions, in chronic lung diseases, and in chronic pulmonary thromboembolism. Exercise-induced PH is a cause of decreased exercise capacity, may precede the development of manifest PH in a proportion of patients, and is associated with a decreased life expectancy. Exercise stress testing of the pulmonary circulation has to be dynamic and rely on measurements of the components of the pulmonary vascular equation during, not after exercise. Noninvasive imaging measurements may be sufficiently accurate in experienced hands, but suffer from lack of precision, so that invasive measurements are required for individual decision-making. Exercise-induced PH is caused either by pulmonary vasoconstriction, pulmonary vascular remodeling, or by increased upstream transmission of pulmonary venous pressure. This differential diagnosis is clinical. Left heart disease as a cause of exercise-induced PH can be further ascertained by a pulmonary artery wedge pressure above or below 20 mm Hg at a cardiac output < 10 L/min or a pulmonary artery wedge pressure-flow relationship above or below 2 mm Hg/L/min during exercise.
Provocative testing is traditionally used in medicine to uncover early-stage pathology. Accordingly, exercise stress measurements of the pulmonary circulation for the diagnosis of pulmonary hypertension (PH) were introduced with cardiac catheterization more than half a century ago. 1 The practice was explicitly mentioned in the report of a World Health Organization-sponsored expert consensus conference on primary PH, now called idiopathic pulmonary arterial hypertension (PAH) held in Geneva in 1973. 2 A mean pulmonary artery pressure (mPAP) > 30 mm Hg during exercise was used as a diagnostic criterion in registry of primary PH in the 1980s. 3 Yet the notion of "exercise-induced PH" was abandoned at the 4th world symposium on PH (WSPH) held in Dana Point in 2008, because of concern about methodological uncertainties and unclear clinical relevance. 4 This was confirmed at the 5th world symposium on PH held in Nice, France, in 2013. 5 In the meantime, methodological issues have been addressed and data on clinical relevance have been gathered, so that exercise-induced PH is finally gaining acceptance. 6 The purpose of this review is to update this conceptual evolution.
As an important point of clarification, the term "exercise-induced PH" is not intended to imply that exercise causes the development of pulmonary vascular disease. PH strictly refers to abnormally high pulmonary artery pressure (PAP) caused either by an increased resistance of pulmonary arterioles or by upstream transmission of pulmonary venous pressure, the latter occurring from obstruction of the large pulmonary veins or left heart conditions with increased left atrial pressure.
How Pulmonary Vascular Pressures Increase During Exercise
Exercise is associated with an increase in cardiac output (CO) in response to increased oxygen uptake (VO 2 ); therefore, pulmonary blood flow is increased during exercise. This is inevitably associated with an increase in PAP and, to a lesser extent, wedged PAP (PAWP). The question is how much is normal and what cutoff values might be proposed to define a pathological response.
The pulmonary vascular resistance (PVR) equation assumes that the relationship between the transpulmonary gradient (mPAP -PAWP) vs CO relationship is linear and crosses the origin. As such, PVR has to be constant over wide ranges of flow and pressure, which inherently exclude possible added value of exercise stress testing. Single PVR determinations have been shown to be practical and effective in diagnosing pulmonary vascular disease over the range of pulmonary blood flows most generally seen at rest 4,5 ; however, PVR becomes unstable during exercise because of nonlinear increase in pulmonary vascular pressures as a function of pulmonary blood flow from vascular distension and, in some circumstances, recruitment. [7] [8] [9] In healthy lungs, simple viscoelasticity models offer optimal adjustment of pulmonary vascular pressure-flow relationships at increasing levels of flow. a is normally between 1% and 2%/mm Hg, which is in agreement with measurements on in vitro-mounted vessels. [7] [8] [9] The coefficient a is higher in premenopausal women compared with men, 10 lower in sub-Saharan black African men, 11 and decreases with aging 10 or with chronic but not acute hypoxic exposure. 12 A preliminary study has suggested that a may be lower also in healthy carriers of the bone morphogenetic receptor-2 (BMPR2) mutation known to be associated with a high risk of PAH. 13 The improved PVR equation was used to show decreased resistive vessel distensibility in early or latent pulmonary vascular disease 14 and in heart failure with or without preserved ejection fraction, where a was positively correlated to right ventricular (RV) ejection fraction, VO 2 , and cardiovascular mortality. 15 
Methods
To be fully informative, an exercise stress test of the pulmonary circulation needs to strictly conform to a series of methodological requirements. Exercise must be dynamic (cycling, running) because resistive or static exercise (weight lifting, handgrip) is associated with increases in CO that are too small to get a meaningful range of pulmonary vascular pressure-flow relationships. 16 Body position does not matter because the same maximum VO 2 and CO are measured during incremental cardiopulmonary exercise testing in supine, semirecumbent, or upright positions. 17 Maximum
workload is actually lower when the patient is semirecumbent, but this is not relevant to the pulmonary vascular function as defined by pulmonary vascular pressure-flow relationships. The upright position is of course associated with a derecruitment of the pulmonary circulation at rest, resulting in higher PVR upright compared with supine. 18 Even with mildly increased workload, however, pulmonary circulation is fully recruited in zone 3 condition by increased pulmonary blood flow, so that the effect of resting measurements is diluted and upright or supine pressure-flow coordinates superpose. 18 Measurements should be done during, not after, exercise stress because postexercise recovery of vascular pressures and flows normally occurs within minutes. 8, 9, 19 Exercise stress should be incremental, with stepwise increase in workload allowing for measurements in quasisteady state VO 2 after 2 to 5 min of stabilization at each step and increments in workload individually tailored to obtain at least 3 but preferably 5 pressure-flow coordinates in a less than 10 to 12 min of exercise duration. 8, 9 Prolonged steady-state exercise may be associated with a progressive decrease in pulmonary vascular pressures in relation to a decreased pulmonary blood volume as the systemic circulation adapts, and does not offer the improved accuracy of a range of pressure-flow coordinates to define pulmonary vascular function. 20, 21 It is important to measure all components of PVR, including PAP, PAWP, and CO. Because CO, workload, and VO 2 are (quasi) linearly related as long as CO is not too high, and CO measurements during exercise are challenging, either workload 22, 23 or VO 2 24 are sometimes used as surrogates to CO to describe pulmonary vascular function. Equations to predict CO have been derived from linear regressions on measurements during exercise in healthy volunteers: CO-workload and CO-VO 2 relationships tend to plateau at high levels of exercise, however, and interindividual variability of these relationships alters the reliability of the prediction. 10, 17 For example, at a VO 2 of 20 mL/kg/min or a workload of 100 W, CO can vary between 8 and 16 L/min, which makes the estimation of CO excessively imprecise. 8, 9, 17 Noninvasive exercise stress testing of the pulmonary circulation using Doppler ECG is acceptable because exercise measurements are probably accurate, 8, 9 even though this has been rigorously demonstrated for all the components of the PVR equation only in resting conditions. 25 Echocardiographic estimates of PAP from the maximum velocity of tricuspid regurgitation during exercise have been shown to be associated with only minimal bias at BlandAltman analysis, demonstrating acceptable accuracy, but limits of agreement were wide, indicating limited precision. 23 Imaging estimates of the PVR equation, although accurate, may suffer from insufficient precision to allow for individual decisions.
There still is a concern that Doppler ECG might underestimate CO during exercise. 22 This can probably be overcome by intensive training of dedicated operators. Another recently evoked concern is the possible occurrence of a gradient between systolic RV and PAP, particularly at high CO and in the upright position. 26 This will need to be confirmed with high fidelity micromanometer-tipped catheters; thus, the diagnosis of exercise-induced PH has currently still to rely on invasive measurements.
Exercise is associated with increased ventilation and pleural pressuredependent pulmonary vascular pressure swings that make the interpretation of pulmonary vascular pressure curves difficult.
Averaging vascular pressures over several respiratory cycles instead of reading them at end-expiration to a large extent cancels out the influence of negative inspiratory and positive expiratory pleural pressures. 27 This has now recommended in an official statement of the European Respiratory Society. 28 Zero leveling in different body positions may be a challenge. CT imaging studies have offered easy to implement three-dimensional guidance. 27 Zero leveling is not a problem for ECG estimates of systolic PAP from recalculated trans-tricuspid gradients; however, the effect of respirophasic changes pulmonary circulation imaging needs to be better understood because the current tendency is to capture the best quality signals without checking for the state of thoracic inflation.
In Clinical Practice
Most of the information in a set of pulmonary vascular pressure-flow coordinates during exercise is captured by the slope of a linear adjustment. 8, 9, 29 Invasive as well as noninvasive studies have shown that slopes on mPAP-CO relationships in healthy subjects are, on average, approximately 1.5 mm Hg/L/min with limits of normal from 0.5 to 3 mm Hg/L/min. 8, 9, 29 This corresponds to a maximum exercise total PVR of no more than 3 Wood units or an mPAP of 30 mm Hg at a CO < 10 L/min. Combining these criteria actually strengthens the discrimination between normal and abnormal responses, whereas indexing CO is of no added value. 28 These limits of normal are derived from studies on healthy male and female volunteers, only a very small proportion of which were > 70 years of age. 28 It may be that the upper limit of normal should be increased in that age range because of steeper exercise-induced increase in PAWP. 28 This will have to be better defined in future studies. A still open question is how much PAWP increases during exercise and what can be taken as limits of normal or cutoff values for definition of a pathological response. The upper limit of normal of PAWP during exercise is generally thought to be between 15 and 20 mm Hg, but higher values can be recorded in athletes and elderly subjects. 8, 9, 18 Some consider 20 mm Hg a reasonable upper limit of normal. 19 A higher cutoff value of 25 mm Hg has been proposed for the diagnosis of heart failure. 30, 31 Likewise, for mPAP, a flow-corrected measure may be more appropriate for PAWP, but there has been no study specifically addressing this. Slopes of PAWP-CO on average of 1 mm Hg/L/min been reported in control groups of studies on exercise testing in patients with heart failure. 9, 18, 30, 31 Given the average proportional difference between mean mPAP-CO and PAWP-CO relationships, a slope of 2 mm Hg/L/min should be the upper limit of normal of PAWP-CO. This cutoff value was confirmed in a study on young and older male and female healthy volunteers. 32 Clinical Relevance of Exercise-Induced PH Exercise-induced PH, defined by an abnormally high mPAP alone or in combination with PAWP and CO, measured invasively or noninvasively has been reported in subjects susceptible to highaltitude pulmonary edema 33 ; healthy family members of patients with idiopathic PAH, 34 systemic sclerosis, [35] [36] [37] COPD, 38 or interstitial lung diseases 39 ; heart failure with decreased 40 or preserved 30, 31 ejection fraction; mitral valve disease 1, 41 ; aortic stenosis 42 ; recently closed atrial septal defects 43 ; and chronic thromboembolism. 28, 44 Phenotyping exercise-induced PH is often difficult because of the symptomatology of background cardiac or pulmonary disease; however, exercise-induced PH has typically been diagnosed in patients referred for shortness of breath and exercise intolerance without chestjournal.org obvious pulmonary or cardiac etiology. 24, 28 In these patients, combined exercise hemodynamics and cardiopulmonary exercise testing revealed an inverse relationship between the slope of mPAP-CO and maximal oxygen uptake, suggesting RV afterload-related limitation of maximum CO. 24 Inverse relationships between mPAP-CO and maximal oxygen uptake are also reported in patients that manifest PH, 45 and in healthy subjects. 11, 12 Modulation of aerobic exercise capacity by the afterloadsensitive RV seems to be a universal phenomenon.
Using exercise studies to detect pulmonary vascular dysfunction has been explored in several at-risk populations. Exercise-induced PH has been shown to be a major risk factor for the development of resting PH in patients with systemic sclerosis 35, 36, 46 and in healthy carriers of a BMPR2 mutation. 47 A few studies have addressed the prognostic relevance of exerciseinduced PH (summarized in Table 1 ). In a cohort of 448 incident patients with connective tissue-associated PAH, 55 were classified as having exercise-induced PH with normal pressures at rest but an increase of mPAP >30mm Hg during exercise. 35 The follow-up analysis showed that four of 42 patients with isolated exercise-induced systemic sclerosis-PAH subsequently died from PH and/or right heart failure. Eight patients (19%) had evidence of disease progression, with subsequent PAH at rest diagnosed at repeat right heart catheterization. Seven (17%) patients required advanced therapies within 3 years of diagnosis. More recently, in a series of 72 patients with systemic sclerosis, exercise-induced PH was diagnosed in 28 by increased mPAP > 30 mm Hg with a PAWP < 20 mm Hg and a mPAP-CO > 3 mm Hg/L/min. In these patients, both PH at rest and exercise-induced PH independently predicted transplant-free survival (Fig 2) . 48 In patients with systemic sclerosis, exercise-induced PH seems to be related with an adverse outcome. Two further small, open-label pilot studies showed a significant improvement of hemodynamic end points in patients with systemic sclerosis and exercise-induced PH by targeted PAH therapies 49, 50 ; this will need to be confirmed by randomized controlled studies.
Exercise-induced PH has also been strongly associated with a reduced survival in patients with symptomatic mild mitral regurgitation, 41, 51 or asymptomatic severe aortic stenosis (Table 1) . 42 
Conclusions
There is an emerging consensus emerging to define exercise-induced PH by mPAP > 30 mm Hg at a CO < 10 L/min and a total pulmonary resistance > 3 Wood units. Exercise-induced PH can be caused by a structural or functional (reversible) increase in PVR and/or an increase in PAWP. The differential diagnosis between these two major causes of an excessive increase in PAP during exercise is clinical along with comprehensive imaging, but can be further substantiated by a measurement of PAWP higher or lower than 20 mm Hg or a PAWP-CO relationship higher or lower than 2.0 mm Hg/L/min. Exercise-induced PH, however measured, is a cause of exertional dyspnea, increases the likelihood of subsequent manifest PH in systemic sclerosis and probably also in carriers of BMPR-2 mutations, and is associated with a shorter life expectancy in systemic sclerosis and in patients with mitral or aortic valve disease.
Further studies are needed to further clarify the prognostic impact of exercise-induced PH and the effects of early interventions.
